First, we examined the effects of various chemical NO-donors on the cell damage in HL-60 cells. The most potent of these was S-nitroso-N-acetyl-penicillamine (SNAP). The effect of 5,6,7,8-tetrahydrobiopterin (BH4) on HL-60 cell damage induced by SNAP was investigated . Analysis of electrophoresis of DNA fragmentation induced by SNAP indicated that the cell damage was caused via apoptosis . This phenomenon was observed as early as 5 hr after the treatment with 500 mM SNAP . Apoptosis observed at an early time, 5 hr post-treatment with SNAP, was inhibited by BH 4 . However, BH4 significantly increased cell death observed at a later time, 20 hr after the treatment. These results suggest that BH4 may be involved in modulating the cytotoxicity, including cell death, mediated by NO .
Introduction
Since the finding that the endothelial-derived relaxation factor ( EDRF) is nitric oxide (NO ), many biological functions of this chemical have been investigated. Vasorelaxation, neurotoxicity, bacteriostasis, inhibition of tumor growth, etc . have already been reported as functions of NO ( 1, 2 ). NO originates from the biotransformation of L-arginite to L-citrulline by nitric oxide synthase (NOS) ( 3) . NOS is found in various types of cells such as endothelia, neurons, and macrophages (M«1» (4, 5) . Activated M«1> invaded by microorganisms produce large amounts of NO through the expression of inducible NOS (iNOS), Dr . Shuji Kojima, Research Institute for Biological Sciences, Science University of Tokyo, 2669 Yamazaki, Noda-C ity, Chiba 278, Japan . Tel: +81-471(23)9755, Fax: +81-471 (23 ) 9755 , e-mail: kjima@mail .rs.noda .sut.ac.jp leading to the deaths of microorganisms ( 5, 6) . The cytotoxic effect of NO derived from activated M«1> is considered to be so strong that its toxicity killed not only target cells but also the M«1> themselves .
With respect to cell death, the most serious type of cell damage, two distinct mechanisms have been proposed: necrosis, caused by catastrophic toxic or traumatic events and therefore passive, unregulated, and aleatory; and apoptosis or programmed cell death, an active process of cellular self-destruction with unique defining morphologic and molecular self-destruction with unique defining morphologic and molecular characteristics (7) (8) (9) . Recently, NO has been reported to mediate the later type of cell death in activated M«1> themselves (10, 11) . Tumor cells have also been though to be killed by activated M«1> via NO by the same mechanism .
In murine M<I>, iNOS is generally upregulated by cytokines such as interferon-y (l:t-.TF-y), tumor necrosis factor-a (TNF-a), and LPS (12) . NOS requires 5, 6, 7, in the generation of NO, as a cofactor (13) (14) (15) . BH4 is biosynthesized from guanosine triphosphate (GTP) ( 16, 17) and acts as a cofactor in not only NO production, but also the monooxygenation of phenylalanine, tyrosine, tryptophan, etc. ( IS-21) .
Although the requirements for maximal BH4 catalytic activity are well established, the specific role of this compound in catalysis for NOS and hydroxylase is still obscure. We have recently also found a strong antioxidative activity of BH4, and suggested a possible function of BH4 as an endogenous antioxidant (22) . Since NO is also a radical in addition to active oxygen radicals including superoxide anion radical, hydroxy radical, hydrogen peroxide, and singlet oxygen , interaction between BH4 and NO is anticipated. Briefly, BH4 may scavenge NO radicals, leading to lowering NO-induced cell damages.
In this study, we examined whether or not BH4 can inhibit cell damage induced by NO in HL-60 cells.
Materials and Methods
RPMI 1640, and fetal bovine serum (FBS ) were purchased from Nissui Co. , Ltd., Tokyo, Japan. Horse serum was from Gibeo Lab . Ltd ., Tokyo, Japan . 1,I-diphenyl-2-picrylhydrazyl (DPPH), ascorbic acid (Asc), N-acetyl cysteine (NAC), L-glutamine, sodium pyruvate, sodium nitro-prusside dihydrate (SNP), ethidium bromide, proteinase K, propidium iodine, bromophenol blue, glycerol, and actinomycin D were obtained from Wako Chemicals Co. , Ltd ., Tokyo, Japan. I3-NADH was from Oriental Yeast Co., Ltd., Tokyo, Japan . Agarose L03 was obtained from Takara Co. Ltd, Tokyo, Japan. 2-( 4-Carboxyphenyl)-4,4,S,S-tetramethylimidazoline-l-oxyl-3-oxide (carboxy-PTIO), 3-morpholino-sydnonimine hydrochloride (SIN-I), and S-nitroso-N-acetyl-penicillamine (SNAP) were from Dojin Laboratories, Kumamoto, Japan.
The human pro myelocytic leukemia HL-60 cell line was purchased from Riken Cell Bank (Tukuba, Japan), and maintained in RPMI 1640 medium (Nissui Co.) supplemented with 10% heat-inactivated fetal bovine serum ( Biowhittaker Co ., MD, USA). Cells were maintained in a culture incubator at 37"C under a S% CO 2 humidified atmosphere and were used for experiments during the exponentia phases of growth. Freshly harvested HL-60 cells were resuspended in RPMI 1640 medium at a density of 1.2S x 10 6 / rnl, and the suspension (O .S rnl) was seeded into 24-well plates (Corning Co., NY, USA). NO-donors, BH4 and other antioxidants such as Asc, NAC and earboxyl-PTIO were then added to the medium and incubation was continued for an appropriate time. Cell viability was assessed by testing exclusion of trypanblue dye. HL-60 cells treated with an each NO-donor were collected by centrifugation at SOO X g for S min . The collected cells were lysed in a lysis buffer, 50 mM Tris-HCl (pH 7 .S) containing 10 mM EDTA and 0 .5% (W IV) sodium N-Iauroyl sarcosinate. The lysate was then incubated with 0 .5 I-lg/ ml of RNase 60 min at sonc, and by further continuous incubatiC'r! with 0.5 I-lg/ml of proteinase K overnight at sonc. The DNA samples were mixed with a staining solution consisting of 30% glycerol and 0 .01 % bromophenol blue . The content of DNA was assessed spectrophotometrically by the absorption at 260 nm. Electrophoresis of the DNA fragmentation was carried out in 1.S% agarose gels in TBE buffer containing 89 mM Tris, S9 mM borate, 2 mM EDT A and ethidium bromide at 100 V for 90 min . The DNA fragmentation pattern was examined in photographs taken under ultraviolet light illumination. Percent fragmentation was determined by densitometry of DNA fragments with molecular weight of less than 7 kb.
LDH released into the medium from the cells was assayed as a marker of the cell damage. An aliquot of the supernatant of the cultured medium was collected at each time interval and subjected to LDH assay with LDH CII-Test Wako (Wako Chemicals Co. ).
The reactivity of BH4 with DPPH was examined. An appropriate concentration of BH4 dissolved in ethanol was added to an ethanol solution containing 1.0 mM DPPH. The reaction mixture was kept for 20 min at room temperature and the absorbance was measured at 517 nm. The reduction of absorbance was regarded as indicating the quenching activity of BH4. The effects of other antioxidants including 5,6,7,S-tetrahydroneopterin (NH 4 ), Asc, NAC, and carboxyl-PTIO were also examined .
The contents of nitrite and nitrate were measured with a NOx analysis system (ENO-5000, EICOM, Tokyo, Japan) . Briefly, Nitrite and nitrate were separated by HLPC, passed through a Cadmium column, and finally determined by using a Griess reagent consisting of 1% sulfanilamide, 0.1 % napthylethylene diarnine dihydrochloride, and 5% H 3 P0 4 . Absorbance at 560 run was measured ni-trite and nitrate were quantified using NaN0 2 and NaN0 3 , respectively, as standards.
Student's (-test was used to evaluate the significance of differences between groups . The cnterion of significance was taken as P<0.05 .
Results and Discussion
Nitric oxide ( NO) has proven to be a potent mediator of tissue injury because of its low molecular mass, volatility, lipophilicity, free radical nature, and diverse reactivItIes. Activated M<1>, among various cells with NO-productivity, produce large amounts of NO, which is considered an essential mediator in host defense by using its cytotoxic effects on tumor cells and microorganism (23, 24) . The cytotoxicity sometime kills not only target cells but also the M<1> themselves. It has recently been reported that activated M<I> undergo apoptosis due to the endogenous NO (25, 26) .
NO exogenously administered also can cause the apoptosis in various cell lines (27) . Although mechanisms of NO-induced cytotoxicity has not been clearly understood yet, the possible actions of NO which may contribute to the cytotoxic effect have been proposed; NO impairs the function of mitochondrial and other Fe-S-containing enzymes through its binding capacity with ferrous ions as an iron ligand, followed by depletion of ATP, inhibition of DNA, and/or protein synthesis (28) (29) (30) . It is also possible that guanylate cyclase, also a heme protein, is activated by low concentration of NO, and signals which contribute to the cytotoxic effect may be transmitted as a result of elevation of cyclic GMP level ( 31) . Furthermore, NO-donors can also stimulate an ADPribosyltransferase in various tissue (32) . The functional consequences of this action are still obscure.
Although the possible fuction of BH4 in producing NO via NOS catalysis has not been fully understood, it has recently been shown that BH4 prevent and/or reverse the NO-mediated inhibition of NOS as another new function related to NO production (33) . From a different viewpoint, we have already shown BH4 as an endogenous antioxidant . Based on these actions of BH 4 , its scavenging activity agairIst NO radical can mostly be expected.
First, we examirIed the effects of various chemical NO-donors on the cell damage in HL-60 cells. The most potent of these was SNAP. The activity of LDH, a marker enzyme for cell damage, was remarkably increased in a time-dependent manner af- ter SNAP exposure at concentrations more than 100 f.lM . The degree of cell damage was almost the same as that in actinomycin D as a positive control. Other NO-donors such as SNP and SIN-l fuiled to cause cell damage in HL-60 cells. Analysis of electrophoresis of DNA fragmentation induced by SNAP suggested that the cell damage may be caused via apoptosis, and showed that this phenomenon was observed as early as 5 hr after the treatment with 500 11M SNAP. The effects of BH4 on the DNA fragmentation at 5 hr and 20 hr after treatment of 500 11M SNAP were investigated. As shown in Figure 1 , the fragmentation induced by SNAP at 5 hr was dose-dependently inhibited by BH 4 , reaching a maximum with an inhibitory ratio of about 60% to the SNAP alone treated control. 5, 6,7,8-Tetrahydroneopterin (NH 4 ), one of the reduced forms of pteridine, also inhibited the DNA fragmentation in a similar way. Other antioxidants such as Asc and NAC, and carboxyl-PTIO, a specific scavenger for NO radicals showed the same efficacy. It appears certain that this phenomenon in the 5 hr-treated group is probably due to the direct cytotoxic action of NO itself, because of the inhibitory effect of carboxyl-PTIO. There is still no way to obtairI definite evidence that BH4 quenches the NO radical, because of its very short half-life. Therefore, we estimated the efficacy of BH4 On the basis of its reacti\;ty \\;th DPPH, a chemically stable radical . Both BH .. and NH4 strongly reacted with DPPH . Asc and NAC showed moderate reactions. However, carboxyl-PTIO possessed little reactivity with DPPH . These data may indicate that BH4 inhibits the DNA fragmentation induced by SNAP at an early period through interaction with the NO radical . We further examined the effect of BH4 on the DNA fragmentation at 20 hr after treatment with SNAP (500 f..lM). As can be seen in Figure 2 , the SNAP-induced DNA fragmentation was also significantly suppressed by both Asc and NAC . However, neither BH4 nor NH4 showed any noteworth suppression of fragmentation. On the contrary, this phenomenon was dramatically accelerated in the presence of these chemicals. It is possible to consider that a longer incubation of SNAP with BH4 may yield more toxic NO-related products such as peroxynitrite . As shown in Figure 3 , BH4 significantly elevated N0 3 level from SNAP in a dose-dependent manner. Alteration of NO,,-contents correlated well with elevation of DNA fragmentation, suggesting involvement of peroxynitrite in accelerating the mechanism of DNA fragmentation observed at 20 hr after post-treatment of SNAP with BH 4 . Comparing the N0 3 -contents produced by SNAP in the presence of BH4 with other antioxidants or carboxyl-PTIO at the same concentration (500 f..lM), it is clear that BH4 is the most potent N0 3 --producing chemical among them _ NH4 also effectively yielded N0 3 -in this reaction system. In addition, the most common chemical form of NOx at 5 hr post-treatment of SNAP with BH 4 , was mostly N0 2 , suggesting that nitric oxide contributes to DNA fragmentation. These data may elucidate the involvement of peroxynitrite in acceleration of SNAP-induced DNA fragmentation. NO is a free radical species that react with molecular oxygen at 3.4 X 10 7 M-1S 1 in aqueous solution to from peroxynitrite as a product of N 2 0 3 and N 2 0 4 decomposition (34, 35) . Peroxynitrite can easily protonate to peroxynitrous acid (ONOOH) which decomposes spontaneously to nitrate ion (N0 3 ) with t l / 2 =1.0 s under physiological conditions (36) . Although another reaction by which ONOOH further homolytically decomposes to yield·OH and· N0 2 radicals has also been proposed (37), peroxynitrite has recently been considered to be a stronger oxidant than the NO radical, causing oxidative damage to protein, lipid, carbohydrate, DNA, subcellular organelles, and cell system (38) (39) (40) (41) . It should be noted that peroxynitrite also may contribute to the NO-mediated apoptosis in various cell lines . Simultaneously, it may be also considered that the ' OH radical is another candidate involved the development of DNA fragmentation, since the toxicity of this radical has been well established. The exact mechanism of the modulation of SNAP (NO)-induced cell damages by BH4 still needs further investigation.
